Abstract-Radiation-induced phenomena constitute a big concern for image sensors dedicated to space application. Particles (such as protons or electrons) can impact the crystalline structure of the detector and create switches in the dark response. This may be a problem, especially for calibration and so on image quality. This article aims at expressing the method used for switch detection and showing some properties of these Random Telegraph Signals (RTS), concerning, among other things, their amplitudes, discrete levels, and switching times. A first analysis of these results is also given.
I. INTRODUCTION
H IGH-END image sensors are now able to detect very low flux because their parasitic dark current is increasingly low. However, the slightest fluctuation in this dark signal can lead to important consequences. Indeed, when exposed to radiations for example, image sensors are impacted by many particles which can cause displacement damage, moving atoms in the crystalline structure. They create permanent or temporary defects which can introduce energy levels in the bandgap of silicon. Some of these defects are known as Random Telegraph Signal (RTS) centers, and are a real trouble for calibration, because their dark signal switches randomly between two or more discrete states (see for example Sec. III-A for typical RTS signals). Several studies have already been conducted on CCD [1] , [2] and CMOS image sensors [3] , [4] , but different hypotheses have been exposed about the origin of the phenomenon, and the cause is still not completely understood yet. The goal of this work is to present in-depth analysis of multi-level RTS signals, based on some new parameters extraction methods, in order to obtain the defect signatures and main RTS characteristics (the number of discrete levels, switching frequency, and amplitude between discrete levels).
II. PIXELS DETECTION AND ALGORITHM IMPROVEMENTS

A. Definition of Terms
First of all, DC-RTS (Dark Current RTS) can be defined as a switching leakage current [5] . If many dark images are acquired successively during a long time, pixels can blink from a gray level to another gray level with random switching time. This phenomenon has been observed in image sensors with CCD [1] and CMOS [4] technologies, and it has also been seen in other PN junctions such as in DRAM [6] or MOSFET [7] . In the literature, RTS is attributed to several causes such as oxide or bulk (depending on the incident particle) SRH generation centers [8] coupled or not with electric field enhancement [2] , [4] or else modulation of a parasitic current [7] . Hence, it is important to extract most of typical RTS characteristics, in order to predict and mitigate this phenomenon to improve our understanding on this subject. Fig. 1 illustrates the main parameters. As RTS centers are considered to be metastable generation centers, the discrete levels represent configurations in which the center is stable 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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and has a given generation rate. Thus, if there is only one center in the pixel, the number of levels gives the number of visible configurations and amplitudes represent the differences between the generation rates of the center. A link between levels and configurations will be developed in section III-C. The time between two transitions provides an information about the configuration stability. If a center is more stable in a given configuration, it will stay longer in that one.
In what follows, a pulse width will refer to a level width (i.e a time interval) between two transitions. The average time in a level will be defined as the mean time spent in a given level between two transitions and whatever the next transition. For example, a three-level RTS will have three distinct average times per level, and these times are actually the mean of all pulse widths which occur in each given level. On the contrary, a time constant will be the mean time spent in a given level, before a given transition. An example is given on Fig. 1 , where the time constant τ 3−4 represents the mean of times shown in blue, and stands for the time spent in third level before the transition which leads to the fourth one, whereas the average time in the third level corresponds to the time spent in this level whatever the next transition (the time in the third level before the transition to the first level is also taken into account).
Moreover, an amplitude will be defined as the height of a jump between two discrete levels. All amplitudes which actually occur will be considered, not just maximal ones. For example, a four-level RTS can have three to six different amplitudes, because the ones which do not occur during measurement are not taken into account.
Bi-level RTS centers will be defined as independent centers, each of them leading to only two levels, whereas a multi-level source will be a center which can generate several levels.
B. Detection Method and Improvements
A RTS detection and analysis tool based on an edge detection method has been proposed in [8] . It has become the basis of most DC-RTS studies in solid state image sensors and detectors [8] - [13] , and proved to be reliable and robust. This method also permitted to discriminate total ionizing dose and displacement damage dose contributions in DC-RTS [14] and allowed to develop an empirical prediction model for amplitudes of transition [15] , [16] . Fig. 2 shows the new parameters extraction capabilities added to this tool. Post processing methods have been improved, but the detection method has not changed from [8] .
Thanks to this tool, one can easily obtain the number of RTS levels, the evolution of dark current in each detected pixel with time, and their template, that is to say the modeled RTS signal calculated from the experimental data (some typical signals are given in Sec. III-A). In this work, 50 000 images and 50 step filter coefficients have been chosen. Once RTS pixels have been detected, post processing is used to determine statistical characteristics. Some usual notions have been extended for multi-level RTS, such as for time constants and amplitudes. As in previous work [8] , the plot of the histograms of number of levels, amplitudes and times is still possible. But some improvements have been made in order to adapt to multi-level RTS:
• all amplitudes (between couples of levels) which occur are considered • all average times per level and time constants of RTS pixels can be calculated • histogram of pulse widths can be plotted • activation energies can be extracted from amplitudes and time constants, giving respectively some information about the centers location in the bandgap and their stability in a given configuration
III. EXPERIMENTAL RESULTS
The measurements were conducted with a 512 × 512 4T-Pinned Photodiode CMOS image sensor with a pitch of 7 μm 3 . It has a depleted volume of about 30 μm 3 , and is fabricated in a commercially available 0.18 μm process. The CIS was irradiated grounded at Université Catholique de Louvain (UCL) facility with 22 MeV neutrons beam for a total displacement dose of 400 TeV/g. Measurements were held six weeks after irradiation. Processing was performed thanks to 50 000 images acquired with an integration time of 0.5 s, for 6 different temperatures (from 2 • C to 22 • C).
A. Different Kinds of RTS Centers
A RTS exhibiting more than two levels may come from a multi-level source, several independent bi-level centers or a combination of both. Consequently, the discrimination between these two kinds of centers could be useful to characterize them.
It is assumed that the probability to have two independent bi-level RTS with the same amplitude in the same pixel is very low: this implies that a three-level RTS is necessarily due to multi-level centers. It is also admitted that the probability for two centers to switch simultaneously is unlikely: it implies that if a four-level RTS is due to two independent bi-levels, the transition between the second (low-middle) and third (middle-high) level would never occur. Thus, two kinds of four-level RTS stand out: four-level due to two different bi-level centers, and four-level RTS due to a single multi-level center (see for example Sec. III-A).
The criterion that will be used to automatically distinguish these two kinds of centers, is the fact that the transitions between the second and the third level is really rare (rarer than transitions between the first and third level and between the second and fourth level). Fig. 3 represents the difference between the number of transitions T 2−3 (back and forth) and the number of transitions T 1−3 or T 2−4 (back and forth too) in terms of percentage for four level RTS pixels. It shows that two populations can be extracted, and an optimal threshold can be used to separate the two populations. There, a four-level RTS pixel is considered as two bi-levels RTS if
What is also noticeable about the discrimination, is that for four-level caused by two different bi-level centers, the same amplitudes are discovered from the first to the second level and from the third and fourth level, which is expected because it is due to the same center. A similar method can be held about the amplitudes from the first to the third level and from the second and fourth level. This assessment is shown in Sec. III-C.1, where it is observed that the curves plotted for the same centers (amplitudes 1-2 and 3-4, 1-3 and 2-4) are superimposed. This confirms that the criterion chosen looks appropriate. 5 . Extraction of the influence of both centers. They can be considered independently and have their own amplitude and time constants. t11 and t12 represent the times spent in the first or second configuration for the first center, and respectively, t21 and t22 represent the times spent in the first or second configuration for the second center. Considering four-level RTS due to two bi-level centers at 2 • C, the likeliest transitions between two levels can be investigated. Tab. I shows this analysis, and represents the mean probabilities of transition on 3195 four-level RTS pixels due to two bi-level centers. The expected possible transitions are very more likely (about 50 times) than the others.
Consequently, it is possible to separate the two signals coming from both centers, and to extract their own amplitude and time constants as represented on Fig. 5 . It shows that the transitions which occur frequently are these from one level to the one just above or just below (some examples of temporal evolution are given in Sec. III-C2 and demonstrates that this trend affects most of four-level RTS due to a multi-level center). Thus the easiest jump in dark current appears to be the jump to the state just around, but this is not necessarily the easiest jump in potential energy. Indeed, the levels are not necessarily correlated to the defects potential energy. This assumption is demonstrated below in Sec. III-C2 where some configuration coordinate diagrams are defined and presented. In what follows, only transitions from one level to an adjacent level will be considered for multi-level centers.
B. Study at 22 • C 1) Amplitudes of RTS Pixels:
In order to be able to study multi-level RTS more in details, all transitions which occur have to be considered. Indeed, the possibility to access all amplitudes can provide more information about RTS centers generation rates. If two different amplitudes happen in the signal of the same pixel, it could reflect the contribution of several centers. That is why in Fig. 7 , the histogram of all amplitudes is plotted, as well as the one of maximum amplitudes which is often shown in the literature. As previous work [3] , the empirical prediction model described in [8] is still valid for maximum amplitudes (with a mean of 1200 e − /s at 23 • C, that is to say 1110 e − /s at 22 • C) and fits well, but not for all amplitudes. Nevertheless, an exponential shape is still noticeable for the histogram of all amplitudes with a mean amplitude of about 900 e − /s. This is slightly lower than for maximum amplitudes because lower amplitudes are taken into account.
The exponential mean of 220 e-/s at low amplitudes on the left side has typically been reported [3] , [14] , [16] for oxide RTS centers. However, at this given neutron fluence, the deposited TID is about 5 rad [17] . The expected density of TID induced RTS [16] at this level is about 8600 pixels (here there are about 12700 pixels), which is lower than the population in this peak. Moreover, if a significant TID induced RTS contribution was present, the number of RTS pixels would rise significantly when the TG is placed into depletion during integration. This particular measurement has been performed and the number of additional RTS pixels was not significant. Hence, it can be concluded that, despite an amplitude distribution that looks similar to TID induced RTS, this peak is coming from another source induced by displacement damage. One possibility would be a contribution from RTS centers outside the depletion region that would generate an RTS dark signal through a diffusion mechanism. To verify this hypothesis, activation energy measurements were performed on a limited temperature range (17 • C-22 • C) on this particular population and a value of 0.8 ± 0.3 eV was found, which is compatible with a diffusion driven transport. Such diffusion DC-RTS has never been reported before probably because neutron irradiation induced RTS in PPD-CIS has not been much studied in literature. More work is needed to confirm this hypothesis.
2) Pulse Widths: In the literature, as in [1] [4], it is concluded that the two histograms of pulse widths of a two-level RTS (that is to say the histograms of times spent in a given level between two transitions) follow an exponential process, but this assessment has never been checked on multi-level RTS.
In Fig. 8 , considering the signal of a typical three-level RTS pixel, the three distributions of pulse widths about each level are plotted (a part of the the pixel dark signal evolution with time is also represented). As expected for Poisson processes, the histograms have an exponential behavior, which allows to extract new average times in each level thanks to the exponential fit.The found values are 86 s in the low level, 64 s in the middle level, 66 s in the high level. It can be concluded that this multi-level RTS is a Poisson process as two-level RTS and this is also confirmed on the whole multi-level RTS population with enough transitions.
3) Time Constants: Fig. 9 represents time constants histograms. For 2-level RTS, many pixels have a transition rate of 150 s, represented by the green peak. For multi-level centers (black and blue curves), the time constants are lower, indicating that multi-level centers seem to be less stable in their configurations, and switch more frequently. As for fourlevel RTS which are the combination of two bi-levels centers, the peak is also around 150 s, as well as for 2-levels RTS. For bi-level centers, down and up time constants are quite different (see for example Sec. III-C2) but their average value is up to 120 s at 22 • C whereas for multi-level centers, the average of each time constant is around 70 s. Concerning the global shape, all curves seem to have an 1/(time constant) shape (here 2.10 6 |time constant−110| 1.5 is found for the curve of 2-level RTS).
C. Temperature Behavior
The behavior of RTS characteristics with temperature is often observed [1] , [3] , [4] , [6] , [9] , [10] to extract activation energies. Table. III shows some results which were previously found.
However, these values concern bi-level RTS pixels, and do not consider the complexity of multi-level centers. The following paragraphs show activation energies of amplitudes Fig. 10 .
Mean amplitude behavior with temperature for 4 levels RTS considered as multi-level centers. Levels are numbered from 1(low level) to 4(high level). and time constants found during this study, for 2-level RTS as well as for multi-level centers.
1) Amplitudes:
The behavior of RTS amplitudes with temperature follows an Arrhenius law given by:
Thus, the slope of the semi logarithmic plot provides the activation energy of the center, which is linked to its energy level in the bandgap. For 2-level RTS it has been widely studied, and some found values are given in table. III. They are mostly around the mid-gap signature. Fig. 10 represents the mean amplitude of multi-level centers of 4 levels according to temperature. Only pixels detected as 4-level centers due to one single multi-level center on the whole temperature range are taken into account (here there are 72 pixels). The 3 extracted activation energies are 0.53±0.11 eV for the amplitude from the first to second level, 0.53±0.12 eV from the second to third level, and 0.52±0.13 eV from the third to fourth level. The three activation energies are quite similar. The goodness of fit are respectively 0.9996, 0.9995, 0.9999. Fig. 11 represents the mean amplitude of 4-level centers considered as the combination of two bi-level RTS according to temperature. Only pixels detected as 4-level centers due to two bi-level centers on the whole temperature range are Mean amplitude behavior with temperature for 4 levels RTS considered as 2 bi-levels. Levels are numbered from 1(low level) to 4(high level). taken into account (here there are 603 pixels). Because there is one amplitude represented twice for each bi-level center, 4 amplitude activation energies are extracted.The values are 0.56 ± 0.07 eV and 0.56 ± 0. eV for the first defect, and 0.57 ± 0.05 eV and 0.57 ± 0.05 eV for the second defect. Each time, the goodness of fit is 0.9998. Fortunately, activation energies are equal for the contribution of the same center. The values are similar to the one found for 2-level RTS (0.57 eV).
The centers appear to be located not far from the mid-gap of Silicon.
The mean activation energies for bi-level and multilevel centers seem to be slightly different, with a variation of 0.04 eV. Fig. 12 represents the activation energy of amplitudes behavior with RTS amplitudes for 2-level centers. Most of activation energies are well distributed not far from 0.6 eV.
2) Time Constants: The behavior of RTS time constants τ with temperature follows an Arrhenius law, given by:
Indeed, as temperature increases, RTS signals switch more rapidly.Thus the slope of the semi-logarithmic plot permits to access activation energies E time , which means the potential energy barriers to go from a configuration to another. Fig. 13 represents the mean time constants of 2-level centers. Only pixels detected as 2-level RTS at each temperature are taken into account (here there are 10152 pixels). The extracted activation energies are 0.77 eV for the down time and 0.72 eV for the up time. The goodness of fit are respectively 0.9984, 0.9962. As these time constants activation energies correspond to the barrier heights in potential energy to go from a configuration to another, a diagram representing these barriers can be drawn to illustrate the easiest jumps (see also [1] [18]). Hence, this diagram, called "configuration coordinate diagram" given in Fig. 14 , shows the two potential wells for the two distinct RTS levels. As previous work [1] , similarities between up and down times activation energies have been found, even if the time constants ratio is about 2 for each temperature. Concerning four-level RTS due to a multi-level center, the notion of configuration diagram can be extended. As it is considered that likeliest transitions are from one level to an adjacent, only neighbor transitions are taken into account. That is why a 2D plot is sufficient. According to the barriers height, there are 24 possible trends of configuration diagrams. Figs. 15, 16 and 17 show three distinct trends for several multilevel centers of four levels. The shape of the configuration diagram illustrated in Fig. 15 is found for 22% of four-level RTS pixels due to a single multi-level center, and shows that the dark current increases (level 1 corresponds to the low level which has the lowest generation rate, and level 4 corresponds to the high level which has the highest generation rate) as the relative potential energy increases too. But this is not always the case, as it can be observed in Fig. 16 (this configuration diagram is observed in 6% of cases) and Fig. 17 (this configuration diagram is observed in 8% of cases).Hence, it appears that potential energies and dark current levels are not correlated. Thus, it seems to be difficult to build one mean configuration diagram for all multi-level centers.
IV. DISCUSSION
Experimental results show that two kinds of centers can be discriminated. They do not have the same characteristics, as shown in Table. IV
The mean amplitudes for multi-centers seem to be slightly lower than for bi-level centers. It could be consistent with the fact that they are slightly further from the mid-gap value and thus they generate fewer charges. Moreover, the fact that activation energies for amplitudes are less than the mid gap value (0.63 eV), can infer three possibilities:
• electric field enhancement, but it seems to be unlikely because at high amplitudes, the activation energies do not fall, as shown in Fig. 12 • bandgap narrowing [19] • inter-center charge transfer [20] Some ab-initio simulations [18] , which consist in calculating and evaluating energy-levels in the bandgap, will be held to try to understand the phenomenon.
The multi-level centers change in configurations appears more often than for bi-level centers, which means that they could be less stable. But bi-level and multi-level centers time constants activation energies are widely spread, and it seems difficult to conclude if one kind would have lower or higher potential energy barriers.
Finally, configuration diagrams for multi-level RTS centers can exhibit distinct forms. For those which have four levels coming from a single multi-level center, 24 configurations are possible. Among these configurations, one is more represented (in 22% of cases) than others. Thus, it could be inferred that the configurations in Fig. 16 and Fig. 17 , the likeliest transition is not from one level to the adjacent one, but one can see in the temporal evolutions at 2 • C that this in not the case. As a typical shape of configuration coordinate diagram cannot be obtained, one can deduce that there is no correlation between the level of dark current and the relative potential energy.
V. CONCLUSION
In this work, some post-processing improvements leading to new RTS analysis have been proposed. The definition of time constants for multi-level RTS has been clarified and distribution of all RTS amplitudes can be plotted. Moreover, the discrimination between bi-level centers and multi-level centers have been demonstrated thanks to the analysis of unlikeliest transitions. All these new possibilities permit to access to some information about the location of RTS centers states in the bandgap of Silicon through activation energies of amplitudes, and to the experimental defect relative potential energy through activation energies of times constants. It has finally been shown that for multi-level centers, the low level in dark current does not correspond necessarily to the level with the lowest potential energy.
